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PeroxisomePyruvate carboxylase is a highly conserved enzyme that functions in replenishing the tricarboxylic acid cycle
with oxaloacetate. In the yeast Hansenula polymorpha, the pyruvate carboxylase protein is also required for
import and assembly of the peroxisomal enzyme alcohol oxidase. This additional role, which is unrelated to
the enzyme activity, represents an example of a special form of multifunctionality called moonlighting. We
have performed a detailed site-directed mutagenesis approach to elucidate which region(s) of H. polymorpha
pyruvate carboxylase are involved in its second function. This resulted in the identiﬁcation of three amino acids
that are essential for the moonlighting function. Mutating these residues in a single mutant protein fully
inactivated the moonlighting function, but not the enzyme activity of pyruvate carboxylase because the strain
was prototrophic. A 3Dhomologymodel revealed that all three residues are positioned at the side of a TIM barrel
where the N-terminal ends of the β-strands are located. This is a novel observation as the TIM barrel proteins
invariably are enzymes andhave their catalytic side at theC-terminal end of theβ-sheets.Ourﬁnding implies that
a TIMbarrel fold can also fulﬁll a non-enzymatic function and that this functioncan reside at theN-terminal endof
the barrel.hol oxidase; BC domain, biotin
in; BCC domain, biotin carbox-
. Box 14, 9750 AA Haren, The
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Multifunctional proteins generally consist of different domains, each
fulﬁlling a particular function.Moonlighting proteins represent a special
class of multifunctional proteins because they perform multiple
functions without partitioning these into separate domains [1].
A typical example of a moonlighting protein is pyruvate carboxylase
(Pyc1) in the methylotrophic yeast species Hansenula polymorpha and
Pichia pastoris. Pyruvate carboxylase is a highly conserved enzyme that
catalyzes the synthesis of oxaloacetate from pyruvate to replenish the
TCA cycle. However, inmethylotrophic yeast species the absence of Pyc1
also results in a defect in sorting and assembly of the peroxisomal
enzyme alcohol oxidase (AO) [2].
InWTH. polymorpha and P. pastoris cells, the bulk of the AO protein
is present as enzymatically active, FAD-containing octamers in the
peroxisomal matrix. Detailed biochemical analysis revealed that
enzymatically inactive, FAD-lacking AO monomers accumulate inthe cytosol of H. polymorpha and P. pastoris pyc1 cells, thus explaining
their inability to grow on methanol [2].
Possibly, Pyc1, which is a cytosolic protein in yeast, is involved in
binding of FAD to AOmonomers in the cytosol, which is important for
subsequent import into peroxisomes. However, the details of these
processes are still speculative.
Previous in vivo studies revealed that the central transcarboxyla-
tion (TC) domain of H. polymorpha Pyc1 (HpPyc1) together with a
region linking the N-terminal biotin carboxylation (BC) domain and
the TC domain are sufﬁcient for the moonlighting function of HpPyc1
[3,4]. The aim of our current study was to elucidate where in this
region important residues for the moonlighting function are located.
Using a site-directed mutagenesis approach in combination with
modelling of the HpPyc1 3D structure, we show that themoonlighting
function resides at the non-catalytic, N-terminal end of the TIM barrel
that is present in the TC domain of HpPyc1.
2. Material and methods
2.1. Organisms and growth conditions
The yeast strains used in this study are derivatives of H. polymorpha
strainNCYC 495 pyc1 leu1.1 [2]. Yeast cellswere grown in batch cultures
containingmineralmedium supplementedwith 0.5% carbon source and
0.25% nitrogen source [5]. Unless indicated otherwise, aspartate was
Table 1
Overview of Hansenula polymorpha strains and growth on methanol.
Strain OD660 Amino acid changes
1 1.8 P534A, E549A, T998D
2 0.7 Y542V
3 2.2 L586A, N587T, A591T, K1016Q, Q1019R
4 1.8 R513S, A515P, D516S, K630S, A631L
5 0.7 A557Q, M1058Q
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extensively pre-cultivated on glucose containing mineral medium,
shifted to methanol medium and harvested after 15 h cultivation.
Transformants were selected on agar plates containing 0.67% (wt/vol)
Yeast Nitrogen Base without amino acids (Difco, Sparks, MD) with 1%
glucose and 0.25% aspartate. To test for prototrophy, cellswere grown in
the presence of 0.25% ammoniumsulphate as nitrogen source instead of
aspartate. Escherichia coli strain DH5αwas cultivated as described [6].6 2.7 K758A, V781T, E889R
7 2.7 S754G, S808N, F810L, E926R
8 2.0 K710Q, D815E, E817N, S930N, E931S
9 0.5 S762D, E824V, N826H, A827V, T948Q
10 2.6 G776A, K880Q, L882A, G964N
11 1.2 I523A, N524Q, P1037L, K1038E, L1039T
5a 1.1 A557Q
5b 2.3 M1058Q
9a 0.8 S762D
9b 2.2 E824V, N826H, A827V
9c 2.2 T948Q
11a 2.3 P1037L, K1038E, L1039T
11b 2.3 I523A
11c 1.3 N524Q
Triple 0.4 Y542V, A557Q, S762D
WT 2.5 -
pyc1 0.4 -
Overview of Hansenula polymorpha pyc1 strains transformed with mutant versions of
the HpPYC1 gene and the optical densities of cultures containing methanol as sole
carbon source upon overnight growth at 42 °C. All strains were cultured at least 3 times.
Data of a representative experiment are shown.2.2. Construction of mutants
Genetic manipulations of H. polymorpha were performed as
described previously [7–10]. Standard recombinant DNA techniques
were carried out essentially as described [6]. Endonuclease restriction
enzymes and biochemicals were obtained from Fermentas and used
as detailed by the manufacturer.
The plasmid pHIPX6-HpPYC1 was constructed in the following
manner: using primers Pyc1a-SmaI/NotI-fw (5′-GG GCGGCCGC TGG
CGA CCG AGA ACA TCA TC-3′) and Pyc1a-BamHI-rv (5′-TC GAC CTG
GGC CAT GGATCC CGA AGT TAT TAT AAA AGA TGA TAA AAG ATG ATT
AG-3′), a 616-bp PCR fragment was generated containing part of
HpPYC1. A 1351-bp fragment of HpPYC1 was generated using the
primers Pyc1b-BamHI-fw (5′-CA TCT TTT ATA ATA ACT TCG GGATCC
ATG GCC CAG GTC GAG GAT TAT TC-3′) and Pyc1b-EcoRI-rv (5′-C CTC
GAATTC TGA ACT CAA CCA AAG CCC TGA TCA TCT TTC TTC TG-3′). To
create a single PCR product, an overlap PCR was performed using the
products of the above described PCR reactions and the primers Pyc1a-
SmaI/NotI-fw and Pyc1b-EcoRI-rv. The resulting PCR fragment
containing the 3′ end of HpPYC1 was digested with EcoRI and ligated
into the pSAK3 plasmid, which was digested with SmaI and EcoRI. For
the 5′ end of HpPYC1, two PCR fragments were generated with the
primers Pyc2a-EcoRI-fw (5′-G AGT TCA GAATTC GAG GTG TCA AGA
CCA ACA TTC CTT TCC-3′) together with Pyc2a-DelBamHI-rv (5′-CTG
AGT CTG TCC CAC GGGTCT TCG TGC AAG AAA CGC ATA GCA AC-3′)
and Pyc2b-DelBamHI-fw (5′-GA CGT TGC TAT GCG TTT CTT GCA CGA
AGACCC GTG GGA CAG ACT CAG-3′) together with Pyc2b-SphI-rv (5′-
AG CTC GCATGC ATC TGG AGC AAG ATC CTG TC-3′). A single PCR
fragment containing the 5′ end of HpPYC1 was generated by overlap
PCR using primers Pyc2a-EcoRI-fw and Pyc2b-SphI-rv. This fragment
was ligated into pSAK3 containing already the 3′ end of HpPYC1 after
digestion with EcoRI and SphI resulting in pSAK3-HpPYC1. This
plasmid was digested with BamHI and SphI to introduce the gene
into a pOK12 plasmid [11].
Mutations were introduced in HpPYC1 using the Quikchange multi
site-directed mutagenesis kit (Stratagene). An overview of the
introduced mutations can be found in Table 1. Primers for mutagenesis
were designed using the QuikChange Primer Design Program provided
on the Stratagene website. After mutagenesis the mutant genes were
introduced into pHIPX6 [12] using BamHI and SphI restriction sites and
transformed into H. polymorpha pyc1 leu1.1.2.3. Biochemical methods
Crude cell extracts were prepared as described previously [13].
Protein concentrationswere determinedusing the Bio-Radprotein assay
kit (Bio-Rad Gmbh, Munich, Germany) using bovine serum albumin
(BSA) as a standard. Alcohol oxidase (AO) activity was measured as
described before [14]. AO monomers and octamers were separated by
sucrosedensity centrifugation [15]. SDS–PAGE [16] andWesternblotting
[17] was performed as described. Blots were decorated using polyclonal
antisera raised in rabbit against AO or HpPyc1 [18]. Detection was
performed using mouse anti-Rabbit IgG conjugated with alkaline
phosphatase (Chemicon) and colorimetric alkaline phosphatase sub-
strates (NBT/BCIP Stock Solution; Roche).2.4. Construction HpPyc1 homology model
St. Maurice et al. [19] recently solved the structure of the Pyc1
homolog in Rhizobium etli (PDB ID: 2qf7). This protein, which has 46%
sequence identity (I) with H. polymorpha Pyc1, was used as modeling
template. Modeling was performed using theWHAT IF server (http://
swift.cmbi.ru.nl). Yasara [20] was used for model optimization and
analysis.3. Results
3.1. Selection and localization of residues for site-directed mutagenesis
For our analysis, we took advantage of the fact that Saccharomyces
cerevisiae Pyc1 and Pyc2, despite their high degree of sequence
identity with HpPyc1 and PpPyc1 (N 77%), lack the moonlighting
function in AO assembly [21]. We showed before that this moon-
lighting function of HpPyc1 resides in a region containing residues
480 to 1061, which includes a complete TIM barrel fold [22]. Based on
these observations, we restricted our analysis to this region and
selected residues for site directed mutagenesis that are conserved in
HpPyc1 and PpPyc1 but not in ScPyc1 or ScPyc2. This resulted in the
selection of 42 residues (Table 1; mutants 1–11).
To locate these residues in the protein structure, a homology
model for HpPyc1 was built using the protein structure of pyruvate
carboxylase from R. etli (Fig. 1). Although the structure of R. etli
pyruvate carboxylase provides a good template to model the three
major domains of HpPyc1, the template does not contain structural
information to model all the residues in the N-terminal part of the
linking region between the N-terminal BC domain and the central TC
domain (indicated in purple in Fig. 1A).
As shown in Fig. 1B, many of the 42 selected amino acids were
located at the C-terminal end of the TIM barrel. However, several
residues were also present on the opposite N-terminal side of the TIM
barrel and in the linking region between the BC and TC domain. None of
the selected residues were present inside the TIM barrel structure.
Fig. 1. Homology model of HpPyc1 based on the protein structure of pyruvate carboxylase from R. etli (I=45%). In panel A, the BC domain is indicated in blue, the TC domain in
yellow, the BCC domain in red, and the regions linking each of the structural domains is colored green. Part of the N-terminal part of the linking region could not be modeled. This is
indicated in purple. Panel B shows only the region linking the BC and TC domain and the TC domain itself. The amino acids selected for mutagenesis are indicated in red. Panel C
zooms in on the N-terminal side of the TIM barrel in the TC domain. The amino acid mutations, which clearly affect AO assembly (Y524V, A557Q, and S762D), are indicated in red.
Fig. 2. Analysis of the oligomerization state of AO protein was performed for the
indicated strains using sucrose density gradient centrifugation of crude extracts
prepared from methanol-induced cells. Cells were grown at 42 °C. All fractions of the
gradient were analyzed for the presence of AO protein by Western blotting. Fraction 1
represents the top fraction and fraction 10 the bottom fraction. As established
previously, in wild-type cells the bulk of the AO protein is octameric and sediments to
fractions 7–9 [2]. In the pyc mutant, predominantly monomeric AO is detected
(fractions 2–4) [2]. Equal portions of the fractions were loaded per lane. Onlymutants 2,
5, 5a, 9, 9a, and 11 contained detectable amounts of monomeric AO.
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The selected residuesweremutated to the aminoacidspresent at the
correspondingposition in ScPyc1 to limit effects on the structure and/or
enzyme function of the protein. To reduce the number ofmutant strains
to be analyzed, the 42 selectedmutationswere randomly divided over a
total of 11 mutant genes (Table 1). Upon transformation of these genes
to H. polymorpha pyc1, the resulting transformants were ﬁrst analyzed
for prototrophy on selective glucose containing plates. This analysis
revealed that all mutant genes complemented the characteristic
aspartate and glutamate auxotrophy of the pyc1 cells (due to the
absence of pyruvate carboxylase enzyme activity), demonstrating that
enzymatically active Pyc1 protein is present (data not shown).
To test the effect of the mutations on the moonlighting function of
Pyc1, all strains were grown in batch cultures on media containing
methanol as the sole source of carbon and energy. As shown in Table 1,
most mutant genes functionally complemented the methanol growth
defect of pyc1 cells. However, mutants 2, 5, 9, and 11 showed aberrant
growth properties. In addition, AO assembly was analyzed in all mutants
using sucrose density centrifugation to separate AO monomers and
octamers (Fig. 2). Monomeric AO was present in cells of all four mutant
strains that showed aberrant growth on methanol (mutants 2, 5, 9, and
11). In the strains that did not show a distinct growth phenotype
(mutants 1, 3, 4, 6, 7, 8, and 10; Table 1), only octameric AOwas detected.
As expected, in control cells of the pyc deletion strain, almost all AO was
monomeric, whereas in WT control cells all AO protein was octameric.
Subsequent Western blot analysis showed that for mutants 2, 5,
and 11, the presence of monomeric AO was not related to strongly
reduced HpPyc1 protein levels (Fig. 3A). Mutant 9 showed reduced
levels of HpPyc1 (Fig. 3A) albeit sufﬁcient to complement the
aspartate and glutamate auxotrophy (data not shown).
Enzymeactivitymeasurements revealed that theAOenzymeactivities
were reduced relative to WT controls in cells of mutants 2, 5, 9, and 11
(Table 2), which is consistent with the observed AO assembly defects in
these strains.
Fig. 3. Western blots showing the HpPyc1 protein levels in cell extracts of the indicated
strains. Equal amounts of proteinwere loaded per lane. Blot was decoratedwith anti-Pyc1
antibodies. The three blots show the HpPyc1 levels inWT and pyc1 controls (A–C) as well
as the indicatedmutants (panelA,mutants 2, 5, 9, and11; panel B,mutants 5a, 9a, and 11c;
panel C, triple substitution mutant). Panels A and C also show a Western blot of the
indicated strains decorated with anti-alcohol oxidase antibodies (anti-AO).
Fig. 4. Analysis of AO oligomerization in the triple substitution strain. The oligomeric state
of AOwas analyzed by sucrose density centrifugation as detailed in Fig. 2. Gradients ofWT
and pyc1 are includedas controls. Cellswere grown at 37 °C. The triple substitutionmutant
accumulates monomeric AO as observed in the pyc1 control. Because cells were grown at
37 °C, some octameric AO was detectable in pyc1 and the triple substitution strain.
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for the moonlighting function
Mutant 2 contains a singlemutation (Y542V), whereasmutants 5, 9,
and 11 contain multiple amino acid substitutions. To assign the AO
assembly defects in mutants 5, 9, and 11 to speciﬁc residues, mutant
genes were constructed encoding proteins containing corresponding
single amino acid substitutions. Upon introducing these mutant genes
intoH. polymorpha pyc1 cells, the transformants were analyzed for their
ability to grow on methanol. As shown in Table 1, the mutants
containing a single amino acid substitution, mutants 5a (A557Q), 9a
(S762D), and 11c (N524Q) showed aberrant growth properties on
methanol. Subsequent sucrose density gradients of crude extracts of
mutants 5a and 9a revealed that these cells accumulatedmonomeric AO
protein (Fig. 2) in conjunction with reduced AO enzyme activities
(Table 2). In contrast, no monomeric AO could be found in sucrose
density gradients of crude extracts of mutant 11c (Fig. 2). Also the
amount of AO enzyme activity in this mutant was similar to that of WT
(Table 2). These results suggest that themutation inmutant 11 (N524Q)
is of minor importance and it was therefore not further analyzed.
Western blotting analysis showed that Pyc1 protein levels in
mutant 5a and 9a were comparable to those in WT controls (Fig. 3B).
Also, both mutant strains (5a and 9a) were prototrophic, indicating
that the Pyc1 proteins in these mutants were enzymatically active
(data not shown).
To test whether it was possible to fully inactivate themoonlighting
function of HpPyc1 by a combination of the three identiﬁed amino
acid substitutions Y542V, A557Q, and S762D, a mutant gene encoding
a proteinwith all three substitutions was created.When introduced in
H. polymorpha pyc1 cells (designated triple substitution mutant), the
resulting strain showed the same growth defect on methanol as the
pyc1 strain in conjunction with low AO enzyme activities (Tables 1Table 2
Relative AO enzyme activities of WT and mutant strains.
Mutant AO activity
2 31±2% (6)
5 30±1% (6)
9 11±0% (6)
11 80±2% (6)
5a 64±1% (6)
9a 40±0% (6)
11c 98±5% (6)
Triple 2±0% (6)
pyc1 2±0% (6)
WT 100% (6)
AO activity (in units/mg total protein) was measured in crude extracts prepared from
methanol-induced cells. As controls WT and pyc1 cells are included. The average enzyme
activity of WT cells is set to 100%. The number of replicates is set between parentheses.and 2). Moreover, sucrose gradient centrifugation revealed a similar
AO assembly defect as in pyc1 cells (Fig. 4).
The triple substitution mutant was not auxotrophic for aspartate
or glutamate indicating that the three amino acid substitutions did not
inactivate the HpPyc1 enzyme activity (data not shown). Moreover,
Western blotting revealed that the three amino acid substitutions did
not affect the protein levels of HpPyc1 (Fig. 3C). The AO protein levels
were slightly reduced in the triple substitution mutant compared to
WT similar as in the pyc1 strain grown at the same conditions.
3.4. The residues involved in the moonlighting function of HpPyc1 are
present at the N-terminal end of the TIM barrel and conserved in
methylotrophic yeast species
The three amino acid substitutions Y524V, A557Q, and S762D are
all located in the TC domain at the N-terminal end of the TIM barrel
(Fig. 1C). All mutated residues are present in helices or in loops, and
each of their side chains is exposed and thus available for putative
interactions that may be required to fulﬁll the moonlighting function
of HpPyc1.
A sequence alignment of 20 pyruvate carboxylases from various
eukaryotes and prokaryotes revealed that the residues identiﬁed in
this work are not conserved (data not shown). However, the three
amino acids Y542, A557, and S762 are conserved in other methylo-
trophic yeast species, such as Pichia methanolica and Candida boidinii
(Supplementary Fig. 1).
4. Discussion
In this paper, we report on a site-directed mutagenesis approach
that identiﬁed three amino acid substitutions in H. polymorpha
pyruvate carboxylase (HpPyc1) that affected the moonlighting
function of the protein. When introduced in a single mutant protein,
these three substitutions completely inactivate the moonlighting
function of HpPyc1 in alcohol oxidase (AO) assembly. Yet the protein
stability was unaffected by these three mutations (Fig. 3C). Moreover,
most likely also the enzyme activity was unaffected as cells containing
this mutant HpPyc1 protein were prototrophic.
The combination of these three residues is conserved in other
methylotrophic yeast but not in organisms which lack AO, suggesting
that themoonlighting function is conserved inmethanol-utilizing yeast
species.
Inspection of a 3D homology model of HpPyc1 revealed that the
three identiﬁed residues are present inoneplaneon thenon-catalytic side
of the TIM barrel fold. TIM barrel folds consist of an eightfold repeat of βα
units, such that the eight parallel β-strands on the inside are covered by
eight α-helices on the outside. The active sites of TIM barrel enzymes
are invariably present in the βα-loops between the C-terminal ends of
the β-strands and the subsequent α-helices of the TIM barrel [23]. The
loops that connect the C-termini of the α-helices to the next β-strands
(the αβ-loops) are involved in the stability or oligomerization of the
proteins. Also in pyruvate carboxylase important residues for the catalytic
activity of the enzyme reside in βα loops of the TIM barrel fold [24].
Remarkably, we show here that the moonlighting function of HpPyc1 is
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enzyme function.
The above data represent the ﬁrst example of a TIM barrel fold
which contains crucial residues for a protein function at the αβ-loops.
Apparently, in evolutionmoonlighting functions may develop in parts
of the protein that are not involved in the enzyme function. Possibly,
this is a general property of moonlighting functions, which often
are contained in enzymes [25]. In enzyme proteins the residues that
are directly involved in the enzyme function are generally limited. The
bulk of the protein structure may therefore be available to fulﬁll
alternative functions.
The individual point mutants identiﬁed in this study did not
result in a complete defect in methanol growth as observed for a
H. polymorpha pyc1 deletion strain. Instead, more than one amino acid
substitutionwas required to fully inactivate themoonlighting function
of HpPyc1. The chance to obtain suchmutants by randommutagenesis
is very low. Hence, our strategy to identify the regions of a protein
crucial for its moonlighting function likely may also be valid for other
moonlighting proteins.
There is an urgent need for enhanced knowledge of moonlighting
functions. Overlooking such functions may severely obstruct the
interpretation of speciﬁc experimental data. Consequently, it is important
to enhance our knowledge on moonlighting proteins and to develop
better strategies to identify them, given the rapidly increasing number of
moonlighting proteins that are currently being recognized [26].
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